Abstract: Hemorrhage is the leading cause of preventable death after a traumatic injury, and the largest contributor to loss of productive years of life. Hemostatic agents accelerate hemostasis and help control hemorrhage by concentrating coagulation factors, acting as procoagulants and/or interacting with erythrocytes and platelets. Hydrogel composites offer a platform for targeting both mechanical and biological hemostatic mechanisms. The goal of this work was to develop hydrogel particles composed of chitosan, alginate, and zeolite, and to assess their potential to promote blood coagulation via multiple mechanisms: erythrocyte adhesion, factor concentration, and the ability to serve as a mechanical barrier to blood loss. Several particle compositions were synthesized and characterized. Hydrogel bead composition was optimized to achieve the highest swelling capacity, greatest erythrocyte adhesion, and minimal in vitro cytotoxicity. These results suggest a polymer hydrogel-aluminosilicate composite material may serve as a platform for an effective hemostatic agent that incorporates multiple mechanisms of action.
INTRODUCTION
Traumatic injury is the leading cause of death in the United States for people under the age of 44 and the fourth overall reported cause of death.
1 Two-thirds of trauma patients die prior to arrival at a hospital. Hemorrhage and associated shock accounts for 33 to 50% of all traumatic deaths. 2 This makes hemorrhage one of the largest contributors to the loss of productive years of life and places a heavy economic burden on communities. 3 It is also a primary cause of preventable death on the battlefield. Nearly 90% of military deaths are caused by hemorrhage, of which half are noncompressible. 4 The body reacts to hemorrhage by undergoing a process called hemostasis. In primary (extrinsic) hemostasis, vasoconstriction rapidly occurs and damaged blood vessel cells release chemical signals to attract, activate, and aggregate platelets. Consequently, an initial platelet plug forms at the injury site. In secondary (intrinsic) hemostasis, coagulation protein factors are activated. In the final phase of this cascade, thrombin cleaves fibrinogen into fibrin, the main component of a blood clot, and a crosslinked network of fibrin is subsequently formed. The platelet plug and this fibrous network prevent further blood loss. Once blood loss has been stopped, healing begins and the fibrin clot is broken down via fibrinolysis. 5 If the body's hemostatic mechanisms are insufficient in controlling bleeding after traumatic injury, or a coagulopathy prevents normal hemostasis, intervention is required. First responders in the emergency medical services and the military control external blood loss with standard protocols. Direct pressure is applied with sterile dressings to provide a physical barrier to blood loss and reduce perfusion to the injury site. Tourniquets, which can cause minor to extensive tissue death, are used when extremity bleeding cannot be treated with direct pressure. 6 If blood loss is uncontrollable at an injury site that is noncompressible (for Abbreviations: ANOVA, analysis of variance; DI, deionized; FTIR, Fourier transform infrared; MW, molecular weight; PBS, phosphate buffered saline; PEG, polyethylene glycol; ROS, reactive oxygen species; SEM, scanning electron microscopy.
example, torso) or inaccessible by a tourniquet (for example, axilla, neck, groin), then a hemostatic agent is necessary. Hemostatic agents are materials that rapidly stop blood loss by augmenting one or more hemostatic mechanisms. These mechanisms include the concentration of clotting factors, direct activation of clotting factors via a procoagulant, and/or interactions with erythrocytes and platelets. 7, 8 An ideal material should achieve hemostasis within minutes at an actively bleeding injury site and be ready for use, simple to apply, lightweight, durable, nonperishable when stored under all ambient conditions, safe, and inexpensive. 9 Although no currently available commercial product meets all of these criteria, several are approved for traumatic hemorrhage control in emergency and military settings. For example, approved by the Maryland Institute for Emergency Medical Services Systems for emergency first responder use are chitosan and aluminosilicate dressings. 10 Chitosan hemostatic dressings adhere to cell bodies and platelets, while aluminosilicate impregnated dressings rapidly absorb blood to concentrate clotting factors and act as a procoagulant.
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Chitosan is a polysaccharide commonly used in hemostatic dressings. It is a safe and readily available naturally derived material that binds with erythrocytes, activates macrophages, and stimulates cytokines. [12] [13] [14] [15] Chitosan has also been shown to be an effective hemostatic agent when used in other forms, including chitosan-polyethylene glycol (PEG) tissue adhesives, 16 carboxymethyl chitosan microspheres, 17 and chitosan/gelatin sponges. 18 Aluminosilicate minerals such as zeolite and kaolin are known for ultra-high water absorbance and local calcium release. 19 Zeolite is highly effective at promoting hemostasis through concentrating platelets and clotting factors by rapidly absorbing blood from the injury site in an exothermic hydration reaction; however, the exothermic reaction can cause local tissue damage when zeolite is applied directly. This harmful side effect led commercial manufacturers to replace zeolite with kaolin. Kaolin absorbs blood with a lower entropy of hydration and increases coagulation by activating factor XII in the coagulation cascade. 20 Kaolin has also been coupled with zeolite to reduce the adverse side effects of zeolite while utilizing the effective attributes of the two aluminosilicates. 21 The described research aims to develop an inexpensive and effective polymer hydrogel platform that incorporates the red blood cell adhesive properties of chitosan and high blood absorbance of zeolite, while mitigating negative effects of the exothermic hydration reaction and cytotoxicity. Alginate, a biocompatible polymer that crosslinks easily in the presence of calcium and has demonstrated swelling properties, [20] [21] [22] [23] was selected to serve as a vehicle in which the positive effects of chitosan and zeolite could be combined. Studies focus on the synthesis, characterization, and in vitro assessment of hemostatic hydrogel beads of varying compositions of alginate, chitosan, and zeolite.
MATERIALS AND METHODS

Materials
Sodium alginate, zeolite (particle size < 45 lm), calcium chloride, acetic acid, and phosphate buffered saline (PBS, 1X) were purchased from Sigma-Aldrich (St. Louis, MO). Chitosan (MW 100-300 kDa) was purchased from Acros Organics (Fair Lawn, NJ). Ultra-pure deionized (DI) water was obtained from a Millipore Super-Q water system (Billerica, MA). Citrated sheep blood was purchased from Hemostat Laboratories (Dixon, CA) and was received and stored away from direct light at 3-88C following manufacturer's instructions. Blood was used within one week after arrival. Plasticcapped glass vials (5 mL) used in the study were purchased from VWR Scientific (West Chester, PA , were used in cell viability testing. All materials were used as they were received unless otherwise described.
Synthesis and sizing of hydrogel beads
Hydrogel beads were prepared in a two-phase synthesis method adopted from a previously reported protocol with slight modification. 22 A 10 mL plastic syringe fitted with a 22.5 gauge needle was filled with the aqueous phase: 10 mL of alginate solution (4-6% w/v) and sodium zeolite powder (1:1 or 2:1 w/v zeolite-to-alginate ratio) in DI water. The syringe containing phase one solution was connected to an automated KDS100 Infusion Pump at a flow rate of 20 mL/hr and positioned 12 cm above a 150 mL glass beaker containing 80 mL of the second aqueous phase-1% (w/v) chitosan, 1% (w/v) CaCl 2 , and 1% (w/v) acetic acid-under stirring at 300 rpm with a magnetic stir bar. The beads were transferred to a plastic 50 mL tube and rotated on a Labquake rotator to ensure total crosslinking. Within 3 days, the beads were isolated via vacuum filtration, washed with DI water, and lyophilized using a Labconco FreeZone Triad Benchtop Freeze Dry System. The beads were frozen using liquid nitrogen and then freeze dried in the chamber at 2558C under a 0.02 mBar vacuum. Different hydrogel bead compositions were synthesized by varying alginate 4-6% (w/v) and zeolite 4% or 8% (w/v). From this point forward, the primary compositions that were compared will be referred to as 4A0Z1C, 5A0Z1C, 6A0Z1C, 4A4Z1C, and 4A8Z1C, with the numbers before the letters "A," "Z," and "C" corresponding to the percentage of alginate, zeolite, and chitosan content in the synthesis solutions respectively. For further comparison and understanding, beads without chitosan and without both chitosan and acetic acid were also synthesized. All beads were lyophilized unless otherwise noted. Lyophilized 4A0Z1C, 4A4Z1C, and 4A8Z1C beads were imaged using an Axioskop 50 microscope equipped with an Axiocam color camera (Zeiss, Germany) and sized using ImageJ. 25-30 bead measurements of each composition were taken and sorted into 100 mm ranges. A size histogram was created to compare the size distribution.
Fourier transform infrared spectroscopy A Fourier transform infrared (FTIR) spectrum was obtained for 4A4Z1C beads in a dried powder form. The spectrum was obtained on a Thermo Nicolet NEXUS 670 FTIR using a range of 500-4000 cm
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Temporal swelling
Initial swelling studies were conducted with 4A0Z1C, 5A0Z1C, and 6A0Z1C beads. For each composition, 200 mg of beads were measured and added into preweighed 5 mL glass vials (n 5 6). For each trial, 2 mL of 1X PBS was added to each of the vials. The vials were immediately placed on a vortex mixer for 10 s to break up aggregates, transferred to a Labquake rotator, and rotated until a designated time point of 5, 10, 30, or 60 min was reached. The excess PBS was then carefully removed by micropipette, after which the final weight of the vial was recorded, and the final swelled bead weight was calculated. Results were reported as a percent change in mass from the initial bead weight. Of the varying alginate compositions, 4A0Z1C beads demonstrated the greatest swelling and were selected for comparison with beads containing a 1:1 or 2:1 mass ratio of zeolite to alginate (4A4Z1C and 4A8Z1C, respectively). These bead compositions were tested at time points of 5 and 10 min using the same swelling procedure (n 5 3).
In vitro particle stability Mass loss from 4A0Z1C, 4A4Z1C, and 4A8Z1C beads was measured over 7 days under conditions of temperature, pH, and osmotic balance within physiological range of an acute injury site. 100 mg samples (n 5 3) of each bead composition were added into preweighed 5 mL glass vials and submerged in 5 mL of 1X PBS. The samples were incubated at 378C and PBS was changed every 2 days. Each sample was dried under vacuum in a desiccator for 7 days, after which the dried weight was measured. Results were reported as a percent change in mass.
Scanning electron microscopy Scanning electron microscopy imaging was conducted for 4A0Z1C desiccated, 4A0Z1C, 4A4Z1C, and 4A8Z1C beads. Beads were cut in half using a razor blade, and coated with carbon using an Electron Microscopy Sciences 150 T S Turbo-Pumped Sputter Coater/Carbon Coater. Imaging was conducted with the core of each bead facing upward. Images were taken with a Hitachi SU-70 Schottky field emission gun scanning electron microscope using accelerating voltages ranging from 5 to 10 kV. Pore size was quantified using ImageJ. Each image was divided into four quadrants to account for variable brightness and images were analyzed one quadrant at a time. To begin, the image type was changed to an 8-bit image, and the background correction plugin was used with its default settings. Next, the image was sharpened and then made into a binary image. The image was then inverted, such that the dark spots corresponded to the location of pores. Finally, pore area was determined using the particle analysis tool. A threshold area of 0.002 mm 2 was used to account for noise. SEM experiments with citrated blood were conducted to observe citrated whole blood adhesion and interaction with 4A0Z0C, 4A0Z1C, and 4A4Z1C beads. For each bead composition, 100 mg of beads were placed into a 5 mL glass vial. 1 mL of fresh human whole blood was added to the vial, and the vial was placed on a Labquake rotator for 5 min. The sample was then removed from the vial and placed in a sample cassette to be washed. The sample was rinsed four times, each time with 10 mL of PBS, and then fixed in 25 mL of 0.025 M glutaraldehyde for an hour. The sample was then washed four more times in 10 mL of PBS to remove glutaraldehyde. A series of ethanol solutions of increasing concentration were applied to the washed sample. The series consisted of 25%, 50%, 70%, 95%, and 100% ethanol. The sample was stored in a desiccator and then coated with carbon and imaged with a Hitachi SU-70 Schottky field emission gun scanning electron microscope.
Heparinized blood experiments were conducted to observe heparinized whole blood adhesion and interaction with 4A4Z1C beads, following the same protocol for citrated blood. Samples were coated with carbon and imaged with a JEOL JSM-6390LV scanning electron microscope with an accelerating voltage of 10 kV.
Coagulation time
Following a previously established protocol, 23 coagulation times of varying bead or material compositions were tested in 5 mL glass vials (n 5 3). Four percent of citrated whole sheep blood stored for no more than one week away from direct light at 3-88C was warmed to room temperature just prior to use in this experiment. Blood was not warmed to 378C prior to use in order to avoid the temporal effects of cooling on coagulation time. 1 mL of room temperature 4% citrated whole sheep blood was recalcified using a 0.2 M CaCl 2 stock to achieve a final CaCl 2 concentration of 10 mM, vortexed, and added to each sample. Bead samples were prepared in volumes equivalent to the volume of 150 mg of 4A1Z1C beads. Each vial was capped and examined for coagulation by inversion. Coagulation was defined as when the entire sample was stagnant during inversion. If coagulation did not occur immediately, each vial was set on a Labquake rotator for 1 min. After a minute, each vial was removed from the rotator and examined again for coagulation. This procedure was repeated until coagulation was induced in each sample, in which the blood ceased to flow.
Cell viability L929 murine fibroblast cells (Lonza) suspended in DMEM were added to a sterile 24-well cell culture plate. Cells were then incubated at 378C and 5% CO 2 for 48 hours until 100% confluency was reached. After 48 hours, samples (n 5 3) of 4A0Z1C, 4A4Z1C, and 4A8Z1C beads were sterilized under UV light and added on top of the plated cells such that 10-15% of the well surface area was covered by beads. Plated cells with DMEM served as a live control and cells treated with a 70% solution of methanol for 30 min served as a dead control. At 72 hours, an MTS proliferation assay (absorbance read at 490 nm) and a Live/Dead assay were performed separately following each manufacturer's instructions.
Statistical analysis
Data is reported as the mean 6 standard deviation, unless otherwise noted. Significance for all data was analyzed using a one-way analysis of variance (ANOVA) followed by a Tukey HSD test, and reported as p < 0.05, p < 0.01, or p < 0.001.
RESULTS
Synthesis and sizing of zeolite-loaded alginate-chitosan beads Hydrogel bead compositions were synthesized following a two-phase synthesis method ( Figure 1 ). Synthesized compositions are summarized in Table I . The average 4A0Z1C bead size was 1536 6 96 lm, the average 4A4Z1C bead size was 1693 6 85 lm, and the average 4A8Z1C bead size was 1636 6 112 lm [ Figure 2 (A-C)].
Fourier transform infrared spectroscopy
The FTIR spectrum [ Figure 2(D 
Temporal swelling
The average change in mass for the 4A0Z1C, 5A0Z1C, and 6A0Z1C beads was plotted over 1 hour [ Figure 2 (E)]. The 4A0Z1C beads showed the greatest average change in mass at each time point, followed by 5A0Z1C, and then 6A0Z1C beads. At one hour, 4A0Z1C, 5A0Z1C, and 6A0Z1C beads displayed an average percent change in mass of approximately 394% (6 40% standard error), 307% (6 31% standard error), and 180% (6 34% standard error) respectively. The average percent change in mass for 4A0Z1C, 4A4Z1C, and 4A8Z1C beads at the 5 and 10 min time points is displayed in Figure 2(F) . The addition of zeolite in a 1:1 zeolite:alginate ratio increased the change in mass at the 5 and 10 min time points (359 6 15% standard error and 372 6 8% standard error respectively) compared to the change in mass of the 4A0Z1C beads (280 6 13% standard error and 293 6 13% standard error respectively). The addition of a 2:1 ratio of zeolite decreased the change in mass at the 5 and 10 min time points (223 6 20% standard error and 201 6 8% standard error) compared to the change in mass of the 4A0Z1C and 4A4Z1C beads.
In vitro particle stability 4A0Z1C, 4A4Z1C, and 4A8Z1C beads were evaluated over 7 days under conditions of temperature, pH, and osmotic balance within normal physiological range for changes in mass [ Figure 2 (G)]. Incubation of 4A0Z1C, 4A4Z1C, and 4A8Z1C beads in 378 C conditions for 7 days yielded an average loss of mass of 12.76% (6 3.66%), 68.36% (6 2.56%), and 4A0Z1C  4%  1%  -1%  1%  5A0Z1C  5%  1%  -1%  1%  6A0Z1C  6%  1%  -1%  1%  4A4Z1C  4%  1%  4%  1%  1%  4A8Z1C  4%  1%  8%  1%  1%  4A0Z0C  4%  --1%  1%  4A0Z0C 3. SEM imaging of pores. A SEM image of a (A) 4A0Z1C, dried via desiccation; displaying relatively small pore size, (B) 4A0Z1C, displaying relatively large pore size, (C) 4A4Z1C, displaying a relatively large pore size and, (D) 4A8Z1C, displaying moderate pore size. (E) Average pore size of the corresponding compositions A-D calculated using image analysis of SEM images as described in the methods. For this analysis, images were divided into quadrants and analyzed one quadrant at a time in ImageJ. Images were converted to 8-bit format, and the background correction plugin was applied, followed by image sharpening and conversion to a binary image. Pore area was then determined using the particle analysis tool, with a threshold area of 0.002 mm 2 used to account for noise. Error bars show standard error. * indicates p < 0.05 compared between groups.
22.84% (6 2.68%), respectively. Average change of mass was obtained by subtracting the final desiccated mass of each set of beads from the initial lyophilized mass before the addition of 1X PBS.
Scanning electron microscopy SEM images were obtained of the cores of 4A0Z1C desiccated, 4A0Z1C, 4A4Z1C, and 4A8Z1C beads [ Figure 3(A-D) ]. Visual observation of these images shows smaller pores in the 4A0Z1C desiccated beads compared to the lyophilized beads. The 4A0Z1C desiccated beads had the smallest average pore area (0.00899 6 0.0024 lm (Figure 4) . The 4A4Z1C beads displayed the greatest amount of erythrocyte adhesion, followed by the 4A0Z1C and 4A0Z0C beads.
SEM images were obtained of 4A4Z1C beads treated with heparinized blood ( Figure 5 ). The 4A4Z1C beads displayed surface erythrocyte adhesion despite the use of heparinized blood.
Coagulation time
Coagulation of whole sheep blood induced by various bead compositions and materials was evaluated ( Figure 6 ). The control of recalcified whole sheep blood reached coagulation at an average of 9 min (9.11 6 0.11 min). The 4A4Z1C and 4A8Z1C beads induced coagulation in under 15 seconds (14.4 6 0.31 sec and 14.76 6 1.36 sec, respectively). In comparison, the 4A0Z1C beads induced coagulation in under 2 min (1.96 6 0.14 min). The 4A0Z0C beads reached full coagulation in under 5.5 min (5.22 6 0.32 min).
Cell Viability ISO 10993-5:2009(E) quantifies a cytotoxic effect as a reduction of cell viability by >30% to a value <70% of the live control. 24 Fluorescent microscopy was used to visualize 
DISCUSSION
This work utilized a hydrogel that targets multiple mechanisms to promote blood coagulation. The composition was designed to take advantage of chitosan's ability to adhere to red blood cells and platelets, zeolite's blood absorbance to concentrate clotting factors, and alginate's porous structure to absorb and retain fluid while acting as a physical barrier to blood loss.
Synthesis and characterization
A two-phase synthesis method utilizing a syringe pump was used to synthesize a wide range of bead compositions ( Table I ). The beads were observed to have a spherical morphology. SEM images were taken to compare the pore size of 4A0Z1C beads dried using desiccation and lyophilization, finding that lyophilized beads had a greater pore size than desiccated beads. The differences in pore size observed in each case reflect the differences between the chosen drying methods, with lyophilization, which removes the water from hydrogels through sublimation, preserving the porous structure of the beads. Larger pore sizes within the range reported here -an area of 0.009 to 0.194 lm 2 , corresponding to a diameter of about 50-250 nm -in semisynthetic alginate polymer hydrogels of comparable bead diameter was associated with a higher swelling ratio of ionic saline solutions at physiological pH and temperature. 25 Hydrogel beads with a high swelling ratio enable local concentration of clotting factors and can serve as a physical barrier to blood loss. 23 Consequently, lyophilization was chosen as the drying method for the beads used in further experiments. Swelling data for comparison of lyophilized and desiccated beads is provided in the Supporting Information. The average bead size for 4A0Z1C (1536 6 96 lm) was found to be less than that of the 4A4Z1C (1693 6 85 lm) and 4A8Z1C (1636 6 112 lm), indicating that the incorporation of zeolite increased bead size. These small differences were not expected to greatly impact blood-material interaction. FTIR spectroscopy was used to confirm the presence of alginate, chitosan, and zeolite in the 4A4Z1C bead composition according to previous reports in literature. The broad absorbance peaks of N-H stretching and O-H stretching at 3359 cm 21 indicate the polyelectrolyte complexes formed between chitosan and alginate. 26 The C-H stretching peak at 2927 cm 21 corresponds to chitosan, and the peak at 1602 cm 21 corresponds to the chitosan Amide II bending vibration and alginate carboxylate group asymmetric stretching. [26] [27] [28] [29] The presence of alginate carboxylate group symmetric stretching is indicated by the peak at 1425 cm
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The peak at 1033 cm 21 corresponds to C-O stretching from alginate 27 and the SiO 4 tetrahedral structure of zeolite. 31 This confirmed that all expected components were incorporated into the beads during the fabrication process. Beads with varying concentrations of alginate and zeolite were then characterized to determine the composition with the greatest swelling and largest pore diameters. As alginate concentration was increased from 4% to 6%, temporal swelling decreased. This is likely due to an increased amount of crosslinking occurring as the alginate concentration is increased, therefore allowing for less expansion during water uptake. 32, 33 The effect of zeolite content on swelling was assessed by comparing 4A0Z1C beads with 4A4Z1C and 4A8Z1C beads. The addition of the 1:1 ratio of zeolite was associated with the largest increase in swelling, likely due to zeolite's high water absorbance. However, the addition of the 2:1 ratio of zeolite was found to decrease swelling. This may have been caused by the increased density of 4A8Z1C beads compared to the 4A0Z1C and 4A4Z1C beads. The effects of zeolite concentration on swelling were further supported by the quantitative analysis of the pore sizes of 4A0Z1C, 4A4Z1C, and 4A8Z1C from SEM images, which found that the 4A4Z1C beads had the greatest average pore area while the 4A8Z1C beads had the smallest average pore area. The larger pore area of the 4A4Z1C beads should allow for absorption of a greater volume of fluid, or blood, and in turn yield enhanced hemostatic properties due to greater concentration of local clotting factors. Mass loss from 4A0Z1C, 4A4Z1C, and 4A8Z1C beads was evaluated after seven days under conditions representing normal physiological temperature, pH, and osmotic balance, with the 4A4Z1C beads exhibiting a much greater mass loss than the 4A0Z1C beads, and the 4A8Z1C beads exhibiting an intermediate level of mass loss. The higher swelling and larger pore size in the 4A4Z1C beads may have led to the absorbance of a greater quantity of PBS, as well as a larger pore surface area within which solventmaterial interactions could occur. The simulated conditions did not take into account potential oxidative degradation of the hydrogels in situ due to the local release of peroxides and reactive oxygen species (ROS) from neutrophils and macrophages during the inflammatory response to an foreign body. 34 Oxidative degradation due to local inflammation would likely accelerate the rate of degradation of the zeolite loaded alginate-chitosan hydrogel beads, but to what extent is uncertain given that calcium chloride crosslinked 3% w/v alginate hydrogel beads have previously shown low induction of ROS and very little tissue response when implanted in live animals.
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In vitro interaction with whole blood The different bead compositions were evaluated using a time to coagulation study. The 4A4Z1C beads and 4A8Z1C beads took the shortest time to induce coagulation. This is likely due to the combination of the electrostatic properties of chitosan and increased blood absorbance through the inclusion of zeolite. Chitosan interacts with the cell membranes of erythrocytes, allowing for rapid clot formation. 12 Moreover, zeolite's ability to absorb blood through its porous structure concentrates clotting factors and accelerates fibrin formation and platelet activation. 19 As each of the above components was removed, the means by which the beads induced coagulation was impeded, resulting in a greater time to coagulation for the beads that lacked zeolite or both zeolite and chitosan. The similarity in coagulation time of the 4A4Z1C and 4A8Z1C beads, in conjunction with their differences in temporal swelling, suggest that at short time scales relevant to hemostasis, each of these bead compositions reach sufficient swelling levels to promote coagulation. Notably, the coagulation experiment was completed using blood warmed to room temperature, rather than to 378C. The chosen experimental temperature should not have impacted the results because temperature uniformly affects the rate of coagulation, with the time to coagulation shortening as temperature rises from about 108C to 408C, after which the time is prolonged and ultimately infinite. 36 These in vitro results demonstrate the promising capacity of a composite hydrogel biomaterial to augment the intrinsic (secondary) hemostatic cascade; however, in vitro studies are limited in their assessment to this pathway and do not replicate the extrinsic clotting cascade, which is often viewed as the primary mechanism of hemostasis. These effects will have to be further studied in vivo.
The SEM experiments with citrated blood further confirmed the role of each bead component in coagulation. The 4A0Z0C beads displayed little to no erythrocyte adhesion, which was likely due to the absence of chitosan. The addition of chitosan to the beads took advantage of chitosan's adhesive properties as displayed by the moderate erythrocyte adhesion in the 4A0Z1C beads. Finally, the addition of zeolite resulted in the greatest erythrocyte adhesion in the 4A4Z1C beads, which suggests that the combination of chitosan's adhesive properties and zeolite's high blood absorbance both contributed to the efficacy of the beads. Zeolite's blood absorbance may have concentrated erythrocytes in the regions immediately surrounding the beads, leading to the increased erythrocyte adhesion on the bead surface. This erythrocyte aggregation effect has been previously observed when whole blood came into contact with a hemostatic agent that employs kaolin, a similar aluminosilicate. 37 Erythrocyte adhesion in the citrated blood SEM experiments suggested that coagulation may have begun upon contact with the beads, despite the use of a calciumsequestering anticoagulant. It is possible that the beads reintroduced calcium into the citrated blood. The system was therefore additionally evaluated using heparinized blood. Despite the change in anticoagulant, erythrocytes adhered to the 4A4Z1C bead surfaces, reaffirming the ability of the hydrogel beads to cause erythrocyte adhesion.
Thus, the zeolite-loaded beads were found not only to be effective in clotting recalcified blood, but also to be effective in causing erythrocyte adhesion in both citrated and heparinized whole blood. The major limitation of these results is that they do no investigate the behavior of other clotting factors or the aggregation and activation platelets. Further work would need to be conducted in order to evaluate the effects of these hydrogel beads on other major clotting mechanisms.
Cell viability
The live/dead cell viability assay qualitatively demonstrated that the 4A0Z1C, 4A4Z1C, and 4A8Z1C beads performed comparably, inducing only some cell death, whereas the cells treated with zeolite alone appeared comparable to the dead control. This suggests that the negative side effects of zeolite might be mitigated through its incorporation into hydrogel beads. This is further suggested by the MTS assay, which showed that the 4A4Z1C beads had the greatest metabolic activity, followed by the 4A0Z1C beads, the 4A8Z1C beads, and the zeolite alone. The slightly elevated fibroblast metabolic activity in response to the 4A4Z1C beads may indicate an elevated cellular stress response to the introduction of a low level of zeolite. Zeolite and other aluminosilicates have been previously shown to have cytotoxic effects when in direct contact with cells normally present at the site of injury. 38 When zeolite content was doubled in the 4A8Z1C beads, it is possible that the damaging effects of zeolite in direct contact with cells overcame the mitigating ability of the composite bead and resulted in depressed metabolic output, confirming previous reports of the negative effects of zeolite. The improved performance of 4A4Z1C beads compared to the 4A8Z1C beads might suggest that although zeolite can illicit negative side effects, if used in certain amounts alongside alginate and chitosan it may be both effective as a hemostatic agent and safer than zeolite alone.
CONCLUSION
Hydrogel particles composed of chitosan and alginate and loaded with zeolite were synthesized and their chemical, mechanical, and physical properties were characterized. Synthesized beads of varying composition were found to have a narrow size distribution with average diameters ranging from 1536 to 1693 mm. Chemical composition of the beads was confirmed using FTIR. The 4A4Z1C beads exhibited the greatest swelling capacity of all examined compositions and degraded significantly more than 4A0Z1C beads. When introduced to whole sheep blood during in vitro studies, the 4A4Z1C beads induced blood coagulation in under 15 seconds, as compared to 9 min for the control samples of whole sheep blood. SEM imaging of beads exposed to citrated human whole blood revealed the highest erythrocyte adhesion on 4A4Z1C beads, with progressively less adhesion on 4A0Z1C, and 4A0Z0C beads respectively. SEM images of 4A4Z1C beads exposed to heparinized human whole blood demonstrated erythrocyte adhesion despite the use of an anticoagulant that does not interact with calcium. An MTS proliferation assay and a live/dead assay suggested that 4A4Z1C particles had minimal impact on viability and metabolic activity, suggesting that the damaging direct effects of zeolite may be mitigated through the use of composite beads. The beads developed in this study offer a potential platform for an affordable, accessible, and effective hemostatic agent for use in treatment of traumatic hemorrhage. This study demonstrates the plausibility of incorporating multiple mechanisms of action into a hemostatic agent. The major mechanisms that were targeted included the adhesive properties of chitosan and the blood absorbance of zeolite. Further research should be completed to identify and quantify the material's impact on specific primary and secondary hemostatic pathways, and to assess its biocompatibility and hemostatic performance in injury models.
